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PART 1

INTRODUCTION

A, Higtorieal Background

Fire has been uged in warfare since ancient times. Relatively
little sclentific and engineering effort was directed toward solving the
complex problems involvsd in the use of fire as & weepon, howaver, until
the German Air Force attack on England early in World War II. Then the
British attempted to apply to their own offensive air operatione the know.
lodgo gained in defense of their homeland against fire attack. Studies
along similar lines were made by the United States, and apparently excel-
lent coordination and exchange of information botween these allied natione
exigtod.

During the early phases of the war in Zurope, the principal tar-
gets were industrial plants and other important installations, Therefore,
the main objective was the direct ignition and dsetruction of the plante
or buildings rather than the spread of fire from building to building. Ae
the war progressed, large areas and sven vhole cities beocame targets for
incendiary bombing, and more attention was givean to ths study of fire spread
acrees vpen space. Even then, however, the immediate need for more
effective incendiary btombs and ignition tschniques tended to confine major
 fire research activities to the study of the starting and growth of fire
within a structure. The exploding of atomic bombs over Hiroshima and
Nageeaki in the final stages of World War II placed inecreassd importance
on the study of fire spread across opean space. The Hiroshima and Nagesaki
experience gave some indication of the large number of ignitions that could
be oxpected from an etomic bombd explosion over an urban area and the sise
of the fire that might result. Some means for estimating the sxtent to
which fires will spread from the arsa initially fired is of great imporiance
for both offensive and defensive planning purposes in atomic or con~
ventional incendiary attack. It was in recognition of the need for such
means that the research project herein described was undertaken.

B, Research Objective

The specific obJective vf this projoct stuay is to evaluate the
principal parameters affecting the spread of fire in urban aress so that
the vulnerability of such areas to fires resulting from bombings can he
estimated. No attempt 1e made to evaluate or analyzs tactical factors or
the effectiveness of different types of weapone in initiating fires,

C. Sources of Materinl

The esources of material were domestic and foreign books, ressarch
papers, and other documents, and pre- and post-stxrike aerial photogfaphy
of certain European and Japanese cities which suffered incendiary or atomic
bomb attacks during World War I1I,

CONFIDENTIAL 1
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The search for written material resulted in perusal ¢f the
collectlons of the Library of Congress, including the collectione of the
Office of Scleatific Research and Devclopment; the Captured German Documents
Section, Adjutant General's Office, Unlted States Army; the library of the
Agsistant for Operations Analysis, DCS/0, Headquarters USAF; and the llbrary
of the Physical Vulnerability Division, Deputy Director for Targets,
Director of Intelligence, DCS/0, Headquarters USAF. Additioral materlal or
consultative assistance was obtained from the Natlonal Fire Protection
Assoclatlon; the National Board of Fire Underwriters; thie Engineering Depart-
ment of the Associated Factory Mutual Fire Insurance Companies; and the
Division of Fire Research, Forest Service, United States Department of
agrizsulture, ‘

D, General Considerations Governinz the Proszress and Spread of ¥,
in Urbay Areag

Fire spread in urban areas, as considered herein, deals with the
building to bullding spread of fire, resulting in what are called confla-
grations or are¢a firas. Webster defines & conflagrativr as "a raging
destructive fire." Within fire protection circles a conflagration ld usu-
ally defined as a fire which results in the destruction of a consideradle
number of buildings under a diversity of ownershlp, which spreads from
building to building mcruss strsete or other open apaces from the area of
origin, and which is of magnitude beyond the control of available fire=
fighting facilities, Eithexr of these definitions may be uged to describe
the wartime area fire, The principal and important difference between the
peecetime conflagration and the area fire resulting from bombing attack is
that the peacetime conflagration usually spreads from a single point of
ignition, wherens the wartime area fire results from a largs number of
ignitions in & relatively short period of time, In either case the mechanics
of fire spread from building to dbullding are similar,

The term "fire storm® was coined in Germany in World War II to
descrive a conflagration characterized principally by a great inrush of air
across the entire perimetor of the dburning area.17 This firs wind, which
waes caused by the great volume of hot gages rising from the mass fire ares,
tended to restrict outwardly spread of fire but made spresd almoast certain
inslde ‘the burning area. The moet famous fire storm is the great Hamburg
fire, in which the fire-wind velocity poesilly exceeded 100 miles per hour
within and immediately adjacent to the burning area, later on, a few of
the conflagrations which occurred in Japunese cities also were called fire
storms although ipnduced wind velocities of less than 30 or 40 miles per
hour were experienced, Jt is concluded that the severity of so-called fire
storns may vary greatly, and that the severltiy is probably very closely
related to the total fire or fuel loud of the wurninpgs area, In the absence
of a strong, natursl ground wind, a rire storm ie¢ likeiy to develop in any
large, cvubustible, densely built-up ares in which hundroeds or thousands of
fires are initlated almost simultaneously, ¥No attempt is made in this study
to annlyze separately the conflagrations inm which fire otorms were reported
to have occurred. ‘

L/ Physical Demage Diviglon Beport (ETO), U, S, Strategic Bombing
Survey, Report No, 134b, April 1947, p, 47.
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The spread of fire is due to heat whiel, transferred by one or
more (usually e combination of three) agenclies from a burning object to
any combustible materisl, ralses the temperature of the exposed mmterial
sufficlently to cause its ignition, Intensive heat falling on exposed
combustible material, e.g., a wooden window frame on the facade of a
bullding, may cause direct ignition of that waterial; dut, if the heat
falls on an insombustible substance, e.g., a wall of currugated irom, it
will Ye conducted through that substance and, if of sufficient intensity,
will ignite combustible material in contact with the oppoasite face cf the
subatance. The thres methods by which heat is transferred across open space
between buildings are:

(1) Radiation, in which heat 1s transferrad without heating
of the intervening mediwn. It ia by this method that
radiant energy reaches us from the sun,

(2) Convection, in which heat is transferred by the physi-
cal movement of hsated matier, as by a current of hot
air,

(3) Flying firebrands.

Wind, temperaturas, rain, hunidity, terrain, bullding construction
and contents loading, building heights, and a number of other varisbles
affect the spread of fire across open space.l/ In order to understand the
off3sct of these and other variadles 1t is necessery to consider basic phyasi-
cal, chemical and meteorological facts which govern the progrese and spread
of fire., These facts have been trented in detall by Clarence Goldsrith and
the information in the remainder of this section is based upon his paper.z/

Flaumable liquids nsver actually burn dut are vaporised by heat,
end the vapora mixing with eir are ignited., The burning vapor-air mixture
rroduces a flame, which is definsd as a body of burning gas or vapor. In
& second form of fire the material itself (charcoal, magnesium, etc.)
oxidizes and produces heat with little or no flame. In gensral, fires in
combustible material commonly used for or found within bulldings, i.e,,
wood, puper, and textiles, pass through both stages. During the first stage
of burning, the resins and other readily volatile substances in a solld
combustible material are driven off by haat and burn, leaving almost pure
carbon in the form of charcosl or coke., During the second stage, flame ir
contact with the charcoal results in further combustion with red or white
hot embers, which heat other materiale and spread the fire.

Trequently during the first stage of = fire, the heat 1s not
sufficlent to 1gnite the games and wapors, =mo they gise in undurned Jets,

The Influsrge of Wemther on the IUxtent of Damags Caused by
Incendiary Bombs, Joeint Target Group, Physical Vulnerability
Section, March 1945.

Clarsnce Goldsmith, Effscts of Hsteorological Conditions and
Terrain Yeatures on_the Development and Spread of Firey, National
Board of Fire Underwriters, 8 November 1944.
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As the fire gains headway, these vapors 1gnite and burn, gensrally as long,
colored flames with greatly heated products of combustion extending beyond,
After a continuing fire is underway, flammable vapors are liberated from
adjacent combustible material both Ly radlant heat and by tho convectlon
currents of heated mir and the gases of combustion. These alr and gas
currents decome so hot during a large fire that they ignite combustible
materials considerable distances from the main body of fire, This type of
ignition 1s entirely independent of sparks and flying firebrands and 1is
termed "autoignition®, Wood normally bursts into flame when subjected to a
temperature of 750° F under conditions of rapid heating; and, if subjected
to a temperature of 400° F for 20 to 30 minutes, wood will produce gases
which can be readily ignited by a flame or spark, Other substances have
autoignition temperatures varying over a wide range. Thls phenomenon is
of prime importance in connsection with the spremd of peacetime confla~
grations or wartine area fivew, Its effect where wooden houmes are con-
carned is odvious, and such structures ars easy prey tc radiant heat and
hot convection currents. Where masonry structures predominate, it is
likely that there will be overhangs of wood at the eaves and af window

and door openings, which pocket heated air currents and materially speed
up the spread of fire by radlaticn and convection currents.

Metecrologlical conditions such as wind, ilnversion, rein, humidity,
and temperature influence the speed with which a fire will spread.

Oxygen is required to support combuetion, and & draft is neces-
sary to furnish a continuing supply of oxygen to the material undergoing
combustion, 4 esmall draft or low wind velocity ie conducive to slow fire
spread, bocause the supply of oxygen 1s small, On the other hand, a strong
draft or high wind velocity during the early stages of fire may also retard
1ts spread, because the large volume of eir pouring over the combustible

~umateriel cools the matérial to such an extent that the generation of come

bustillie gases is retarded. Fxperinmeuts conducted by the National Board

of Fire Underwriters indicate that the optimum draft or wind velecity during
the early stages of a fire is approximately two miles per hour, or about
three feet per aecond.

After a fire 18 well getablished, high wind velocities increase
the draft, accelerate the burning rate, and incrzase the heat output. When
a fire has gained conflagration proportions, the velocity of the wirnd on
the lee oi the fire is materially reducod and frequeutly reversed in
direction by the pillaring of the heated alr and products of combustion,
Sparks and burning brands ol considerable size are carried into the air
by this plllar of hot air and, under certain wind conditions, travel
extremely great distances, Although wind velocity on the lee of the fire
is reduced as the cold front slides up the hot front of the pillar, the
direction of prgress of an ordinary conflagration ie governed by the
direction of the wind, which carries sparks and burning bdrandg at the
higher altitudes. The higher the wind velocity the more the pillar of
heated air is pushed forward from the vertical. This holde heated air
currents closer to the ground and increases the spread of fire by radient
heat by bringing the flame, which is & radlating body, closer to exposed
buildinge,

The prevaillng temperature of the air influences the speed with
which a Tire spreade, because warm materiale require lesc heat to bring
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them to their ignitlon temperature than de cold materials of like nature,

Humidity has a twofold exfect un the development of fire, First,
higzh hunidity in coubination with inversion at the time of fire inception
retards the formation of a pillar of heated air currents., The result isa
smoky and relatively slow-buraing fire due to lack of draft., Second, the
avarage prevalling humidity in any section determines the molsture content
of wood and other combustibles within rocfed structures. When materials are
moist, combustion is slow because part af the heat is expended in converiing
moisture to steam. In the initial stages of a fire, when heat output 1s
relatively low, the moisture content of & material may well determine
whether the fire continues to burn sr not., After a fire has become well
established, the affect of tho moisture content of the materials becomes
relatively unimportant because sufficient heat 1s avallable to dry them,

During rainy periods, the rain and the accompanying prevailing
high humidity reduce ths chances of building-to-bullding spread of fire,
because, not only are the exteriors of exposed structures wetted down, dbut
also convectlon currentas of hot alr are cooled and flylng firebrands and
smbere are extinguished by the rain, Althouzh the rays of radiant haat
ars not absorbed to any extent by the water droplets, the rain cools
combustible materials which may be exposed to radiant heat. Rain, unless
it contlinues over a considerable period, does not materlally increase the
humidity ¢f cowbustible materials within rocfed structures and, therefore,
“as essentially no effect on the initiatioa and growth of fire withim such
st uctures,

Terrain has an important influence on the spread of fire., The
effect of wind in transmitting fire is accentuated when blowing uphill
because the convection currents of air are more concentrated aad, thus,
hotter as tley move up the hillside (ses Illustration 1). VWhen winds are
low, the pillaring of hoi gases is much more rapid and marked if a fire is
progresding up & hilleide than if progressing en level ground, and the rapid

rige of hot gases iucrsases the velocity of the draft supplying oxygen to the
f.ire.

CONVECTION

7=2 RADIATION

A .
ILLUST. 1 TERRAIN EFFECT ON CONVECTION CURRENTS
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Vegetation may influence the spread of fire during certain seasons
of the year. Grass, weeds, and brush present little or no hazard during the
growing geason, but at othexr times they are highly flammable and sudbject to
quick sweeping fires. Deciduous trees, when in leaf, retard the spread of
fire because of their ability to absorb largs quantities of radiant heat
energy without bursting intoc flame,

It 1s evident from the preceding brief discussion of some of the
factors which infiuence the spread of fire that, even if 1t could de
developed, n mathematical formula containing all of the variadles necessary
teo account for wind, moisture content, size snd contents loading of build-
inge, terrain, etc., would be very camplex., Also, there would be doubt as
to the value of such a formula for use in predicting fire spread in a
potential target city for which only limited information on physical
characteristics was available. Therefore, it was decided early in this
project study to evaluate only those factors which could be analyzed by
means of photography, city wmaps, etc., and which could be used to astinate,
with acceptable accuracy, the probability of fire spread in urban areas,

6 CONFIDENTIAL
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PART 11

SEARCH AND SELECTION OF PHOTOGRAPHY

A thorough revievw of wartime and postwar research and of numerocus
publications pertinent to the subject pointsd tc the conclusion that build-
ing density, or the proportion of roofed area to ground area, has a definits
bearing on the fire vulneradility of urban areas., BHowever, nothing could be
found indicating that an accurate appraisal of the effect of building densi-
ty in urban area firss had ever bYeen attempted.

Since 1t is possidle to make accurats building denslity readings
and damaze asssesments with the aerial photography used by target anmlysts,
it vas decided to attempt photographic evaluation of density as it affscted
damage attributable o fire in Gerwan, Italian, and Japanese cities which
suffered large area fires during World War lI. It vas essential, therefore,
to review all cities in this category and to select those (1) for which
there was avallable both pre~ and post-atiack photography of good quality
and of adequate scale (a contact scale of 1:110,000 was considared the
ninimum scale suitable for study) and (2) in which a fire line attributable
to a single attack could be establishsd. These requirements vers establish~
ed as a gulde for selecting clties to be studied.

A complete catalogue of World War Il Bomd Damage and Strike Re-
ports is kept in the Military Intelligence Fhoto Imterpretation (MIPI) files
of the Deputy Director for Collection and Digsemin “’on, Directorate of
Inteslligence, Hsadquarters USAT., A thorough seailh was made of theie re.
porta compiled on German, Italian, and Japanese citles. Initially, 22
German, 52 Japaness, and 2 Italian cities were indexed for photographic
search, MNost of thase cities were later eliminated because mors than one
attack preceded the photographic raconnaissance and it was impossible to
deteruine the fire area resulting from a single attack, MIFI bdomd damage
reports for 'lHs cities selected for study were copied in whole or in part
" and filed .ur use as references throughout ths photographic analysis.

Selection of photography was limited ianitially to that avalladle
in the United States, It was found that available photography of German
sities consisted of duplicates of negatives which had been selectsd from
complete misnion files in England, Much tima was unavoidably sxpended
viewing thousands of negatives of Zuropsar and Japanese cities to obtain
both pre- and post-attack photography, when photographic prints, photo-
gyaphic iadices, or adequate plots would have made a quicker selection
possidle, . B
After initial reviev of the Germen cities, all excapt eight wers
elininated because available information failed to meet the requirements
mentioned previously. XZven then it was neceasary to requast additional
piotography from the Alr Hinistry in HKagland to obtain complete coverage for
the cities selected (Hamburg, Essen, Darmstadt, Xassel, Cologne, Bremen, and
Baruwen and Elberfeid, the two tswnships of Wuppertal). Cologne and Bremen
later proved to be unsuitable and were discarded,
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At first the two Italian cities of Turin and Genoa ware selected
becauss tha type of construction differed so greatly from that of either
the German or the Japansse cities. Although they were subjected to hesavy
Yombing attacks, large area fires 4id not recult, soc these two cities were
discarded,

. Suitable pre-strike photography was not available for most of ths
Japanese cities, but four were finally selected for study, including the two
cities which had suffered atomic attacks (Hiroshima and Nagasaki) and two
cities which had experienced conventional fire attacke (Kure and Sakai),

On receipt of all photography, photographic indices were prepared.
These indices were of great valus in the selection of the prints covering
the cities, After satisfactory photography for a city had been collected,
it was possibleo to study the effect of density on fire spread in that city,
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FART II;

PHOTOGRAPHIC ANALYSIS

A, TEST I -~ Denslty Hvaluation

First, & city to be studied was divided into sections which
~eppeared to be fairly homogsneous in bullding density and pattern of
building layout., Wide rivers and large open areas were excluded, and the
relative sizeg of the individual homogeneous sections, although varying
greatly, were not consldered (see Illustration 2).

Next, a clear outline of all roof ares had to be obtainad,
Several procedures were tried, and finally two methods, the stylus and
the shading methods, were selected for use in all cities studied. 1If
photography was of large scale and there was adequate separation betwsen
tuildings, the stylus method was used. In this method, the dbuilding out-
lines were traced and iransferred to sheet acetate dy ues of a stylus
(see Illustration 3)., In the cther cases, the shading method was used.
In this method, all aress not covered by bulldings were shaded %o display
the building outlines {mee Illustration 4), The shading method was con-
sldered the more gstisfactory for outlining roof areas for Japanese cities
where buildings were very congeated.

Then bullding density was calculated by either of two methods,
the square-counting or the arsa-measuring method. In the square-counting

5 Py
e e -

HALUST. 2 HOMOGENEOUS SECTIONING
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method, & square prid was placed over the photograph, and the per cent of
building density was computod by dlviding the total numdber uf building
squares by the total nuwber of area squercs (ese Illustration 5)., Thie
method way used where detnil was poor or buildinm separation was uniformly
small throughout the area. 1in the arsu-measuring method, the ground area
and the bullding area were actually messured with an areameter and building

density was calculatad by dividingz bullding arca by total ground ares (see
Illuatration 6),

The township of Ilberfeld (part of the city of Wuppertal, Germany)
was selected as the firat urban area to be studfed for determining what
relationship might exist between the degree of duilding density and the
éxtent of fire damage. The southern part of the town from adout the centor
to the outermost bullt-up areas was divided into homogeneous sections, and
the percentage of damsge in relation to bdullding density in each section
vag calculated with the results shown in Table I, These results indicated
no correlation between building density and damage.

Qb N
bt . [ooo

ILLUST. 3 STYLUS MCTHOD FOR OBTAINING RUOF OUTLINES
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TABLE 1
DINSITY-DAMAGE IN_HOMOGERZOU: S
Building Density (%) Demage (%) Bvetnpe Moo

10-19 80 Bl
20-29 58 7,

78

)

76

96
30-39 79 64

98

14
40-49 100 ap

75
50-58 94 94

ILLUST 4 SHADING METHOD FOR OBTAINING
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The United States Strategic Bombing Suxvey {(U.3.5.B.8.) report ox
atomic boub effects in Hiroshima states that one of the mest Awportant
factors contributing to fire spnroad is the compactness (built-unnese or
density) of coubustible buildings, without which other conflasrution tac.
tors, such as high wind, dry weather, and tall buildinga, would nave rela..
tirely little effect, This report also presents a pgraph (see Graph 1) show-
ing the '"Probubility of Fire Spread in Various Amounts of Puilt.opneas®, )/
Although the fire perimeter of the burned area was satablished by ground
survey, the data for the U.S5.S5.3, S. graph wers odbtalned by photographic
aralysis in the following manner

{1) Concentric circles of 5000-foot and 7000-foot radius were
drawn with the ground zero (GZ), ths point on the ground directly under the
point at which the bomb detonatad, as the center. In gunviul, ithe parimeter
of the burned area was inside the circular band of 2000-fnot width; R negli-
£ible portion fell inside the 5000~foot ¢ircle and only a small portion fell
outside the 7000-foot circle.

(2) Building densities of all built-up areas within ths 2000-
foot circular band were determined on vre-attack photographs,

N, r'""“‘g - §:~”.‘ g{ .

ILLUST. 5 SQUARE-COUNTIN® METHOU FOKR COMPUTING BUILDING DENSITY

L The Effects of the Atomic Somb on Airoshims, Japag, Vol. 11, Report
No. 92, U, 3, Strutegic Bumblng Survey, May 1947, pp. 16 end 40 .47,
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(3) The burned and unburned
sreas of each building densjty group
within the 2000-foo% ¢ircular hand were
measured on post-attack photographa,

(4) Tnally, the percentage of
area burned in each building density
group within the 2000-foot circular band
was computed to obtain what was asaumed
t0 be the prodbability of fire apread in
that building density, and these were
plotiad as shown in Graph 1,

e

Despite the negative results
of the first bullding density-damage
analysis in this study, it was deemad
nacessary, beciuse of the conclusions
drawn and presented uy U,S.8.B,.8,, %o
try further analyses to determine
whether a consistent relationship
existed betwsen building density and
the amount of fire damage in German

A
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